Five hundred thirty-five lacY mutants were isolated from an Escherichia coli strain carrying the lactose operon on an F' factor, either without mutagenesis or after mutagenesis with 2-aminopurine or N-methyl-N'-nitro-N-nitrosoguanidine. Crosses against 48 independently isolated deletions ending in the lacY gene divided the gene into 36 deletion groups. Suppressibility studies with 7 nonsense suppressor strains classified 276 mutants as nonsense mutants and 78 as missense (or nonsuppressible) mutants. One hundred seventy-nine mutants were "leaky" and could not be so allocated, and two were-found to have small internal deletions. Nonsense mutants could in many cases be subdivided even within deletion groups on the basis oftheir suppressibility pattern, giving a total of 70 groups of nonsense mutants. Studies of these mutants allow the following conclusions: lactose and melibiose most probably do not have separate binding sites on the permease; the lacY region most likely consists of one cistron, and so both active transport and facilitated diffusion are functions of one protein; and finally, there is probably no small defined region ofthe permease responsible for energy coupling oftransport. Furthermore, the strains and the analysis form the basis for a future functional study ofthe permease by biochemical techniques.
The Y gene of the lactose (lac) operon of Escherichia coli specifies a permease essential for lactose utilization which can also transport a range of other galactosides of both the a and (3 types (reviewed in reference 9). A partial purification of the permease has been described, and its molecular weight has been reported to be 30,000 on the basis of sodium dodecyl sulfatepolyacrylamide gel electrophoresis (3, 4) . The permease takes part in both active transport and facilitated diffusion of galactosides (9) . It is not known with certainty whether the lacY region codes for two proteins, a binding protein able to carry out facilitated diffusion and a protein involved in energy linkage, or whether both functions reside in one polypeptide chain. Also, the mechanism ofenergy coupling has not been determined, although there is an increasing body of evidence to support an explanation on the basis of Mitchell's chemiosmotic hypothesis (15, 19, 20) . Another area that is unclear is the number and nature of the substrate-binding sites on the permease (2, 11) .
To clarify some of these problems and as a first step in a genetical and biochemical analysis of the function of the lac permease analogous to the studies of lac repressor (16, 17) large number of point mutations in the lacY gene have been isolated, mapped against a set of deletions ending in lacY, and studied further.
MATERIALS AND METHODS
Bacterial strains. Strains used are shown in Table 1. Media. DYT broth and YT full-medium plates have been described previously (18) . Minimal agar for plates contained 10.5 g of K2HPO,, 4.5 g of KH2PO4, 1 g of sodium citrate, 1 g of (NH,)2'O4, 0.2 g of MgSO4, 0.02 g of thiamine, and 15 g of agar (Difco) per liter. Minimal medium was the A-medium of Miller (13) . M56 minimal medium contained 13.6 g of KH2PO4, 2 g of (NH4)2SO4, 0.49 g of MgSO4, 0.02 g of CaCl2, 0.005 g of FeSO4, and 0.48 g of KOH per liter. Glucose, lactose, melibiose, or glycerol was used as indicated as carbon source at a concentration of 2 g/liter (4 g/liter in the case of M56 medium). Glycerol-lactose plates contained 2 g of glycerol and 0.2 g of lactose per liter. Supplements to minimal media and minimal agar plates as required were: streptomycin (Sm) (0.2 g/liter), nalidixic acid (Nal; Calbiochem) (0.02 g/liter), 5-bromo-4-chloro-3-indolyl-p-D-galactoside ( Harbor collection (14) . SuB, -C, -5, and -6 were kindly provided by J. H. Miller, and X5144 was provided by W. S. Reznikoff. 51-41 and RVAlac/F'54 are strains from T. H. Wilson that carry the mutation 54 isolated by him (22) . KL 16-99 is strain KW 267 from the collection of W. Vielmetter.
Tetrazolium chloride-lactose (TCL) agar was described previously (18) . All incubations were carried out at 37C unless otherwise stated.
Mutagenesis. For mutagenesis with 2-aminopurine (2-AP; Sigma), 0.1 ml of a 106-fold dilution of an overnight culture of the bacteria in DYT was added to 2 ml of DYT containing 600 ,ug of2-AP per ml, and the subculture was incubated overnight. Bacterial cultures to be used for N-methyl-N'-nitro-N-nitrosoguanidine (NG; Koch-Light Laboratories) mutagenesis were diluted 1:10 in fresh DYT and incubated for approximately 1 h. NG (20 ,ug/ml from a 2-mg/ml solution in 2% [vol/vol] dimethyl sulfoxide) was then added, and incubation was continued for 5 min. The bacteria were immediately sedimented by centrifugation at 3,000 x g for 20 min at 0C, resuspended in the same volume of saline, resedimented, and resuspended in saline.
Selection of lac derivatives. Selections were carried out using strains carrying a galE mutation. Dilutions of cultures for selection were spread on plates with glycerol and lactose as carbon sources (2 and 0.2 g/liter, respectively). lacY and lacZ mutants form colonies after 48 h of incubation, whereas bacteria that can utilize lactose lyse, probably due to the accumulation of uridine 5'-diphosphate UDP galactose at the expense of uridine 5'-diphosphate glucose, a cell wall precursor (12) .
Selection of tonB derivatives. Lysates of 680vir and of colicins V and B were prepared as described previously (8, 13) except that cell debris was not removed from the colicin preparation after the bacteria were broken with chloroform. tonB derivatives were selected as survivors after simultaneous treatment of bacterial cultures with both lysates and were plated directly onto MacConkey-lactose plates to identify those which were also Lac (13) .
Mating procedures. Hfr crosses were carried out as described previously (13) . Episome transfer was routinely carried out overnight in liquid medium as described previously (18) . For deletion mapping, spot matings on selective plates (in most cases minimal lactose-tryptophan-Sm plates) were used. A positive result for recombination was scored when there was a lawn of growth or many more colonies than control spots of the donor on analogous plates lacking Sm, thus allowing revertants to grow. p-Galactosidase anays. The specific activity of iggalactosidase (EC 3.2.1.23) was measured by using toluene-treated bacteria after growth in suitably supplemented M56 glycerol medium (13) .
Facilitated diffusion. The specific activity of facilitated diffusion by lactose permease was measured as the rate of hydrolysis of o-nitrophenyl-Agalactoside (ONPG, Serva) by intact cells after growth in glycerol minimal medium with 10-3 M IPTG (13, 23) . Entry of ONPG rather than the fgalactosidase reaction is the rate-limiting step under these conditions (10).
RESULTS
Isolation of lacY mutants. The starting strain for all selections was DCF41Nal, which carries the lac operon on an F' factor (Table 1) . Cultures from single colonies ofthis strain were treated with either 2-AP (60 cultures) or NG (10 cultures) or left untreated (20 cultures), and the episomes were then crossed into DC41Sm so that only transferable lac mutations would be studied. In the case of Ng-treated cultures, the episome transfer was carried out during a 30-min incubation rather than overnight. Dilutions of each mating mixture were spread onto minimal glycerol-lactose-xgal-IPTG-Sm plates, which select for Lac episomes in the DC41Sm background and indicate whether the colonies are lacZ+ (blue) or lacZ (white). The selection against Lac+ bacteria on those plates depends on the presence of the galE mutation (12) , and it was found necessary to have a galE mutation in the starting strain to prevent the formation of galE+ recombinants by chromosome mobilization during the episome transfer. The frequency of mutation to Lac was 4 x 10-4 and 2 x 10-3 for 2-AP and NG treatments, respectively, and 5 x 106 for spontaneous mutation. In each case, approximately one-third of the lac colonies were blue and thus lacY mutants.
Purified lacY derivatives were screened for suppressibility by nonsense suppressors by replica plating from YT plates onto suitably supplemented lactose plates spread with a strain carrying either supD, supE, supF, or supC. The replica plates were incubated for 2 days, after which areas of growth, corresponding to nonsense mutants, could be distinguished. From each selection, two nonsuppressible lacY mutants were taken for study. However, all the nonsense-suppressible derivatives were used since there was the possibility ofdistinguishing even between the different mutants mapping in one deletion group on the basis ofthe pattern of their suppression by various suppressor strains. Ofthe lacY mutants, 5 and 8% selected from 2-AP-and NG-treated cultures, respectively, were nonsense suppressible. A total of 535 mutants were studied further. Each mutant episome was crossed into strain DP90CNal with selection on minimal glucose-Nal plates before use for mapping.
Isolation of deletion mutants. Strains carrying deletions ending in the lacY gene were isolated starting with strains X5144 and X7700, carrying the lac region in the two possible orientations on a W80 phage integrated in the trptonB region of the genome (14). Selection of tonB mutants then produces a high proportion of deletions of this region, many of which extend into the trp and lac operons on either side of ton B. lac derivatives can be identified by plating on MacConkey-lactose plates (13) .
The first selections were carried out on 250 independent cultures of each strain. In both cases, 5 to 40% ofthe survivors were Lac (white colonies). In the case of X5144, in which the lacA gene is nearest to tonB, strains with deletions ending in the lacY gene could be identified by restreaking all the Lac colonies on minimal xgal-IPTG-tryptophan plates to test for an intact lacZ gene. Only two such strains (26X and 75X; Fig. 1 ) were isolated from 250 selections, so 400 more treatments of X5144 were carried out, this time plating the selection mixture directly onto MacConkey-lactose plates containing xgal and IPTG. On these plates, lacZ+ lacY colonies appeared blue, lacZ lacY colonies appeared white, and lacZ+ lacY+ colonies appeared dark purple; therefore the desired deletion mutants could be identified without restreaking, thus accelerating the screening. Nine more deletion strains were obtained in this way. In the case of X7700 derivatives, there is no such rapid test for strains carrying deletions ending in the lacY gene. Three lac mutants from each selection were purified on MacConkey-lactose plates. Strains with deletions ending within the lacZ gene could be identifi'ed as those giving lac+ recombinants in crosses with strain DQ27, which carries an F' factor with a lacZ point mutation in the deletion group nearest to the lacY gene (6, 25) . The spot-mating technique on minimal lactose-tryptophan-Sm plates was used. Of approximately 750 deletions, 99 ended before the lacZ mutation. Strains with deletions extending further into the lac region were studied further; those ending in the lacY gene only were distinguished from those entering the lacA gene by the detailed deletion mapping of the lacY gene described below.
Deletion mapping of the lacY gene. Deletion mapping was carried out by means of spot matings between the strains with episomally carried lacY mutations in the. DP9OCNal background and the deletion strains derived from X5144 and X7700 on minimal lactose-tryptophan-Sm plates, thus selecting for lac+ recombinants. A total of 37 X7700 derivatives were found to have deletions ending in the lacY gene, and the mapping divided the gene into 36 deletion groups (Fig. 1) . Two of the mutants originally classed as of the missense type (MAA13 and MUA2) were found by the mapping to carry small internal deletions.
In Fig. 1 the map positions are shown separately for three types of mutants: nonsensesuppressible mutants, missense (nonsuppressible) mutants, and "leaky" mutants. The lastmentioned type grew slowly on minimal lactose plates and accumulated mutations, reversions of either the lacY mutation or lacI mutations that led to increased expression of the lacY gene on this medium and so to suppression of the Lac phenotype. This made it difficult or impossible to observe suppression by nonsensesuppressor strains in order to class the mutations as to the missense or nonsense type. For each of the three types of mutation there were "hot spots," but in general all areas of the gene could give rise to each type of mutation. Thus there is no evidence, for example, that some regions of the protein are inessential, which might be the case if no or only very few missense mutations were found in one area. Also, the leaky phenotype does not seem to be caused by defects in one particular site in the protein.
There was also no apparent clustering of NGinduced or spontaneous mutations among those produced from 2-AP treatment.
Suppression analysis. The nonsense mutants mapping in one deletion group could be classified further on the basis of their suppressibility pattern. For these tests, a more comprehensive screening was used. All the point mutants were tested by this method, and the final allocation to nonsense, missense, or leaky type was made on this basis. In this case, seven suppressor strains were used: amber suppressor strain expressing suppressors Sul, -II, -IL, and -6, inserting the amino acids serine, glutamine, tyrosine, and leucine, respectively, and three with the ochre suppressors Su5, -B, and -C inserting lysine, glutamine, and tyrosine, respectively (reviewed in 7, 21). The mutant episomes were first crossed from the DC41Sm background into each of the suppressor strains with selection on minimal glucose-Nal plates containing the supplements required by the suppressor strains. DYT cultures of these heterogenotes were spotted onto four lactose plates with the necessary supplements, and each plate was incubated at one of four temperatures (26, 33, 37, or 42°C) for 2 days. A positive result was scored when a lawn of growth or many more colonies than in a control spot of the mutant episome in a nonsuppressor background (DP9OCNal) were seen. The nonsense mutants in one deletion group could thus be divided into up to six subgroups on the basis of suppression pattern, and the total number of distinguishable groups of nonsense mutants throughout the gene was brought up to 70 (Fig. 1) . In some cases growth of a suppressed mutant on lactose was temperature sensitive; for example, growth of AC4 and AQ35 (deletion group XIX) was heat sensitive, that of AB36 and AA43 (group XX) was cold sensitive, and that of AZ38 and AD39 (group XIX) was both heat-and cold-sensitive in the SuII background. It should be mentioned that the triplets that are induced most frequently to mutate to nonsense codons by 2-AP and NG are UGG (tryptophan) and CAA or CAG glutamine (5, 17) , and since none of the seven suppressor strains used here can insert tryptophan, only nonessential tryptophan residues and all the glutamine residues can theoretically be identified by our isolation and screening of nonsense mutants. However, it is obvious that all 70 groups ofnonsense mutants cannot be accounted for by the presence of tryptophan and glutamine residues in a protein with a molecular weight of approximately 30,000. Most of the mutants were isolated from 2-AP-treated cultures, and the most likely explanation is that many nonsense mutants, particularly those in groups with only one to four members, arose, in fact, spontaneously and so involve other triplets. The fact that a mutant (MAA13) carrying an internal deletion in gene Y, which must have formed spontaneously, was isolated from a 2-APtreated culture indicates that this is possible.
Complementation tests. If, as mentioned previously, the lacY region does code for both a lactose-binding protein and an energy-coupling protein, lacY mutants should fall into two complementation groups, assuming that loss of either function leads to a Lac phenotype. To test this, complementation tests were carried out among five mutants originally classed as missense mutants mapping at the ends of the gene and a range of mutants with positions scattered along the map. The five test mutants used were MAB16, MAA44, MUB7, MAA23, and MAB19, mapping in deletion groups I, II, III, XXXV, and XXXVI, respectively (MAA23 and MAB19 were later found to be nonsense mutants). The mutations were crossed onto the chromosome of X7700 by transferring the episomes into this strain (selection on minimal glucose-Sm plates), isolating Lac homogenotes with plating on TCL plates, and curing the purified homogenotes by acridine orange treatment (both techniques described in reference 13). recA derivatives of the X7700 lacY strains were then constructed. The first step was the isolation of thy derivatives by selection with thymine and trimethoprim (13) . These were then used as recipients in crosses with KL16-99 with selection for thy+ on minimal glucose-proline plates.
Twenty-five colonies from each cross were picked and replicated to YT plates, one of which was irradiated with ultraviolet light for 15 s before incubation. Recombinants receiving the recA mutation from the Hfr donor were sensitive to this irradiation and could be purified from the unirradiated plate.
In the complementation tests, 20 lacY episomes, each carrying a missense mutation in a different deletion group, were transfered from Uptake of melibiose by lacY missense mutants. It has been suggested that lac-permease has two substrate-binding sites, since preincubation of E. coli cells with some galactosides, including melibiose, prevents inactivation of the permease by N-ethyl-maleimide, whereas preincubation with lactose and some other galactosides does not (2) . If the binding sites were distinct, it would be expected that some lacY missense mutants selected as unable to utilize lactose would retain the ability to transport melibiose, that is, to grow on melibiose as sole carbon source at 42°C when the a-galactoside permease, also able to transport melibiose, is not expressed 'L. To test this, spots (approximately 0.03 ml) of DYT cultures of all the missense mutants in the DP9OCNal background were applied to minimal melibiose plates with and without IPTG as inducer and incubated for 2 days at 42°C. None showed more growth on these plates than on control lactose plates incubated at 420C. Because of the high resolution of our genetical analysis (see Discussion), it is therefore unlikely that the two sugars do have distinct binding sites. Langridge (11) has come to the same conclusions, since none of his lacY mutants selected for the inability to utilize melibiose at 42°C could grow on lactose as sole carbon source.
Active transport and facilitated diffusion of mutant permeases. The point mutants described here all were isolated as Lac derivatives and so would be expected to lack both the active transport and the facilitated diffusion functions of the permease, since either one would result in growth on the concentration of lactose used here (9, 19 However, to confirm that our mutants are not of this type, eight point mutants that accumulate lacI mutations most rapidly during growth on lactose, that is, the most leaky mutants, were assayed for facilitated diffusion in the DP90CNal background. None had appreciably more activity than the background level in the lacY deletion mutant MAA13, which is presumably due to non-carrier-mediated hydrolysis of ONPG (Fig. 1, Table 2 ; Wilson's mutant 54-41 included as control). We have mapped the mutation in Wilson's strain starting with RV lac/F'54 on plates containing 0.05% melibiose (as sole carbon source) and IPTG in addition to tryptophan and Sm with incubation at 42°C (the mutant does not grow with this concentration of melibiose, but the wild type does) and found it either to lie in group XXXVI or to be a deletion between the lacY and lacA genes.
A further possibility of analyzing the regions of the protein involved in energy coupling is presented by the existence of mutants suppressible by nonsense suppressors. Insertion of amino acids other than the original one at the site of the nonsense mutation which led to growth of the bacteria on lactose plates might be expected to produce a pernease only able to carry out facilitated diffusion of substrate and not the active transport process if this site were involved in linkage to an energy-providing system, but could give rise to a permease capable of both functions if the site were in a region of the protein inessential for energy coupling. In a (17) , but rather that the integrity of the whole protein, except perhaps the N-terminus, is essential for energy linkage. This might be expected if the mechanism is that predicted by the chemiosmotic hypothesis (15, 20 (24) . This system will therefore be well suited to a detailed functional analysis similar to the studies of lac repressor (16, 17) when methods of isolating and studying the Some of these questions were investigated in the studies described here. The fact that none of the missense mutants studied here can grow on melibiose as sole carbon source at 42°C does not support the suggestion from biochemical studies (2) that there are two distinct sugar-binding sites on the permease. From the complementation results reported here, it is unlikely that the lacY region consists of more than one cistron, and so the hypothesis that the region codes for both a binding protein and a protein involved in energy coupling does not appear to be correct; it is most likely that both activities reside in one protein. The method of selection of the mutants described here excludes the possibility of correlating map position directly with loss of the active transport or facilitated diffusion properties of the permease. However, preliminary studies of the ability of permeases produced by suppression of nonsense mutations to promote accumulation of galactosides (Table  3) suggest that there is not a distinct site on the permease involved in interaction with an energy-providing system, but rather that the structural integrity of the whole protein, excluding only the N-terminal region, is essential for response to energy coupling. The defect in Wilson's mutant lacking energy coupling is, however, at the extreme C-terminal end of the permease. The correlation of our results with the biochemistry of these aspects should increase our knowledge of membrane proteins and transport processes.
